The roles of posterior bulging of the interventricular septum (septal bulge) and of systolic septal mitral apposition in patients with simple transposition of the great arteries are not known. Cross sectional echocardiograms of 40 such patients were reviewed (after exclusion of those with fixed left ventricular outflow tract obstruction) and haemodynamic findings were compared with long and short axis measurements within the left ventricle. There was no significant correlation between the degree of septal bulge and systolic gradient across the left ventricular outflow tract, but septal bulge correlated weakly with systolic right ventricular pressure and inversely with pulmonary arteriolar resistance index. Systolic left ventricular outflow gradient was inversely related to the minimum systolic distance between the anterior mitral leaflet and interventricular septum. No patients without complete systolic apposition of the anterior mitral leaflet and interventricular septum had a left ventricular outflow gradient >20 mm Hg. Conversely, even when cross sectional echocardiography showed apparently total obstruction of the left ventricular outflow tract at some time in systole there was often no significant gradient detected during haemodynamic study. In the short axis cuts closeness of the papillary muscles to the interventricular septum or to each other was unrelated to systolic gradient. This study shows that (a) cross sectional echocardiography can identify fixed obstruction of the left ventricular outflow tract in simple transposition of the great arteries; (b) the degree of septal bulge, unless complicated by fibrous thickening of the anterior mitral leaflet and interventricular septum, is unrelated to the gradient across the left ventricular outflow tract; (c) the absence of systolic septallmitral apposition excludes a significant gradient at that site across the left ventricular outflow tract; and (d) papillary muscle geometry is unrelated to dynamic gradients across the left ventricular outflow tract in this condition.
Left ventricular outflow tract obstruction is a common accompaniment of complete transposition of the great vessels. Whereas this additional defect is beneficial in the untreated condition,' it complicates repair of the transposition, whether this is by transposition of venous inflow or switching of the great arteries.
It has long been recognised that the anatomical bases for left ventricular outflow tract obstruction differ greatly in patients with and without an associated
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Accepted for publication 7 Certain fonns of left ventncular outflow tract obstruction with intact ventricular septum are anatomically easily recognisable. These include pulmonary valve stenosis, which is rare, membranous subpulmonary stenosis (analogous to discrete membranous sub-202 attachment of the mitral valve to the ventricular septum (clockwise rotation of the mitral valve).34 All of these are much less common than posterior septal bulge. Shaher and colleagues recognised that in transposition of the great vessels with intact ventricular septum there was a tendency for the ventricular septum to bulge into the left ventricle (septal bulge)2; this was originally attributed to septal hypertrophy. Yacoub and colleagues showed that when left ventricular pressure rose after the pulmonary trunk had been banded in preparation for an arterial switch operation, the septal bulge became much less prominent. 5 It has been suggested, however, that septal bulge itself causes left ventricular outflow tract obstruction in some patients. 6 In certain cases there is also a discrete line of endocardial thickening on the crest of the bulge, corresponding to the point at which the free edge of the anterior mitral leaflet would be expected to come into contact with the ventricular septum at some stage in the cardiac cycle.68 The precise relation between septal bulge and left ventricular outflow tract obstruction in simple complete transposition remains unknown.
Cross sectional echocardiography seems to be an ideal method of investigating this situation, especially since it not only yields haemodynamic information about septal bulge and motion of the anterior leaflet of the mitral valve (particularly in parasternal and apical long axis views of the left ventricle) but also demonstrates the mitral papillary muscles and chordae tendinae.9 The technique should be able to display subpulmonary diaphragmatic obstruction with the same accuracy as it does subaortic obstruction,'0 although Daskalopoulos and colleagues were unable consistently to identify the exact site of subpulmonary obstruction in a mixed group of patients who had transposition with and without ventricular septal defects. I I Since left ventricular outflow tract obstruction can result from insertion of the mitral valve into the ventricular septum itself,'2 it is also possible that obstruction may result when the papillary muscles are inserted into the free wall of the left ventricle but unusually close to the ithterventricular septum. Furthermore, a recent postmortem study suggested that the angle between the great vessels may be related to the systolic gradient between the left ventricle and pulmonary trunk by virtue of the degree of wedging of the posterior great vessel in the left ventricular outflow tract. 3 Cross sectional echocardiography was proposed as an ideal way of further testing this hypothesis.
We therefore undertook this study to attempt to answer the following questions. Firstly, could cross sectional echocardiography be used to identify fixed abnormalities in the mitral valve or its tension Robinson, Wyse, Macartey apparatus, in the left ventricular outflow tract, or in the pulmonary valve which cause an important systolic gradient between left ventricle and pulmonary trunk? Secondly, we wanted to determine whether there was a relation between the degree of septal bulge or the minimum systolic distance between the anterior mitral leaflet and the ventricular septum and peak gradient from left ventricle to pulmonary trunk that might be useful clinically. Thirdly, we wanted to ascertain whether there was a correlation between the relation of the papillary muscles to each other or to the ventricular septum and the peak systolic gradient from left ventricle to pulmonary trunk. Studies were stored on three quarter inch Sony tape and reviewed on a Sony PS5300 playback system. Cardiac catheterisation was performed by standard techniques, but oxygen uptake was not routinely measured. Oxygen consumption was, however, estimated14 and incorporated into the Fick equation for flow and subsequent resistance calculations.
All the echocardiograms were retrospectively reviewed in ignorance of the haemodynamic results, and still frame Polaroid photographs were taken of the left ventricle at end systole in the parasternal long axis cut ( Fig. 1 ) and in the parasternal short axis cut (Fig. 2) . The short axis pictures were taken at any stage in the cardiac cycle at which the mitral papillary muscles were clearly visible (at end diastole where possible).
The relation of the great vessels to each other was expressed as an angle (Fig. 3) .~~~~~~~~~- diameter of the pulmonary valve annulus (g) at the same time (Fig. 1) . The ratios h:f, j:f, and (h+j):f were measures of the closeness of the papillary muscles to the interventricular septum (f is the endocardial circumference of the left ventricle) and e:f a measure of the closeness of the papillary muscles to each other (Fig. 2) . We excluded from further analysis those patients who underwent surgery between cardiac catheterisation and echocardiography, those in whom the interval between cardiac catheterisation and cross sectional echocardiographic study was greater than three days, and those who had postoperative studies only. Forty patients formed the remaining study group (26 male and 14 female, aged 0-497 days mean 79.6). Twenty two patients were aged <3 days and all of them had cross sectional echocardiography on the same day as the haemodynamic study. We analysed the haemodynamic and cross sectional echocardiographic measurements by Student's t test and by multiple regression analysis using the Statistical Package for the Social Sciences (version 7-0 Northwestern University) on an Amdahl mainframe computer.
Results
Pronounced septal bulge was common in patients with no pressure gradient between left ventricle and pulmonary artery. Thus septal bulge on its own did not necessarily indicate either fixed or dynamic obstruction. Seven patients had fixed abnormalities of the left ventricular outflow tract recognised by cross sectional echocardiography. In two this was a subpulmonary membrane (Fig. 4) analogous to a subaortic membrane seen in patients with normally related great vessels. In one this was confirmed at operation. In another the tension apparatus of the mitral valve appeared to be inserted into the ventricular septum (Fig. 5 ) and this was much more obvious in real time scanning than on still frames.
In the remaining four oases there was pronounced group.bmj.com on June 25, 2017 -Published by http://heart.bmj.com/ Downloaded from Robinson, Wyse, Maarny thickening and ridge formation either about halfway along the anterior mitral leaflet or on the left side of the interventricular septum directly opposite this point, or else at both points ( Fig. 6a and b) . Real time scanning in these four patients showed that there was a characteristic motion of the septum and anterior and posterior mitral leaflets, such that in systole the relatively immobile anterior leaflet was firmly clamped between septum and posterior leaflet, thus producing left ventricular outflow obstruction. This pattern was quite distinct from that found in patients with septal bulge alone; although the septum bulged posteriorly in these patients, the anterior mitral leaflet was not squeezed. 
The only statistically significant (p<0.001) difference in mean values of left ventricular geometric ratios and haemodynamic variables between the groups with and without fixed obstruction was that for d:g ratios (fixed obstruction n=7, d:g=0-002, no (fixed obstruction n=40, d:g=0*1870).
Patients who had no cross sectional echocardiographic evidence of anything other than uncomplicated septal bulge were included in the "no fixed obstruction" group for analysis. They had systolic gradients ranging from 0 to 40 mm Hg (mean (SD) 15d1 (2.7) ). The highest gradients found were 21, 35, 38, and 40 mm Hg. None of these patients had angiocardiographic, surgical, or necropsy (one patient) evidence of fixed obstruction.
LONG AXIS MEASUREMENTS
The ratio c:(a+b) was directly related to right ventricular peak systolic pressure (r=0.277, p=0042, n=40) and c:g was directly related to right ventricular pressure (r=0*350, p=0-013, n=40) (Fig. 7) , and possibly to the amount by which right ventricular systolic pressure exceeded left ventricular systolic pressure (r=0.261, p=0052, n=40). No measure of septal bulge or septal eccentricity correlated with the systolic gradient from left ventricle to pulmonary artery. The ratio d:g was inversely, albeit weakly, related to systolic gradient (r=0-403, p=0-048, n= 18) (Fig. 8) There was no significant correlation between any long axis measurement and the short axis measurements, but d:g was related to septal bulge (c:(a+b)) (r=-0516, p=0001, n=40).
SHORT AXIS MEASUREMENT OF GREAT VESSEL ANGLE
The angle between the aorta and pulmonary trunk was not significantly related to systolic gradient or to the ratio of ventricular systolic pressures but it was positively related to h:f (r=0-597, p=0045, n=9) and (h+j):f (r=0852, p=<0-002, n=9) (Fig. 10) . Great vessel acnge (*) Fig. 10 Correlaion of ratio ofthe sun ofthe distnes of dwmitralpapillUaymusclesfromn dte intenidarsepamnh +j (see Fig. 6 ) to the endocrdial ciramference () of le ft venndce with great vessel angle (see Fig. 6 ) (n=9, r=-0852, p<0002).
Discussion
Despite many published reports, little is understood about the origin of left ventricular outflow tract obstruction in simple transposition of the great vessels when the ventricular septum is intact. Postmortem studies give no information on the haemodynamic consequences of septal bulge. The information that we have is derived from haemodynamic studies, angiocardiography, and M mode and pulsed Doppler echocardiography. In simple transposition there is usually some gradient between the left ventricular peak systolic pressure and the pulmonary artery pressure. 7 In an angiocardiographic study, Silove and Taylor implicated anterior movement of the mitral valve in systole as the cause of left ventricular outflow tract obstruction. They drew attention to the similarities between the appearance of the line of contact between Robinson, Wwe, Macarmey the mitral valve and septum in simple complete transposition and that in hypertrophic obstructive cardiomyopathy.7 They reached this conclusion, however, after selecting 17 patients with intact ventricular septum and an anatomical abnormality which was visible on frontal and lateral plane angiocardiography from among 41 patients with peak systolic gradients of -15 mm Hg between left ventricle and pulmonary artery. They were not able to explain the presence of this gradient in 16 of the remaining 24 patients in whom no angiocardiographic abnormality was present in the left ventricular outflow tract. Sansa and colleagues used axial cineangiographic techniques to determine the angiocardiographic features of left ventricular outflow tract obstruction in transposition.1I Their study confirmed the presence of most of the anatomical abnormalities associated with left ventricular outflow tract obstruction, including septal bulge, but pressure measurements made at cardiac catheterisation were not given.
Most investigations by M mode and pulsed Doppler echocardiography have not distinguished between patients with and those without ventricular septal defect. This makes interpretation of most of the results difficult, since it would be surprising if patients with complete transposition and ventricular septal defect, in whom a fibromuscular subpulmonary tunnel is common, did not have abnormalities in M mode and pulsed Doppler echocardiographic recordings. Nanda and colleagues reported that transposition with left ventricular outflow tract obstruction was characterised by diastolic mitral/septal apposition, a pulmonary artery small in comparison with the aorta, localised subpulmonary narrowing on scanning from left ventricle to pulmonary artery and, in a few patients, anterior motion of the mitral valve in systole, asymmetric septal hypertrophy, and systolic closure of the pulmonary valve. nary artery in the patients with dynamic obstruction was only modest (23X2 (12X9) mm Hg). There was no difference in the ratio between the left ventricular outflow tract diameter and the pulmonary artery diameter in patients with dynamic obstruction and patients with no obstruction at all. These workers subsequently reported further findings in a much larger series of patients,'8 including 36 with left ventricular outflow tract obstruction, but their results are again difficult to interpret because they do not distinguish between patients with and those without ventricular septal defect. Silverman and colleagues showed that systolic anterior motion of the mitral valve occurred in six out of 10 patients after Mustard's operation for simple transposition; all six had a peak systolic left ventricular/pulmonary artery gradient of <25 mm Hg. '9 Johnson et al, evaluated 21 consecutive children with simple transposition before interatrial repair and found no correlation between the presence of a haemodynamic pressure gradient from the left ventricle to the pulmonary artery and any of the features previously regarded as diagnositic of left ventricular outflow tract obstruction, including systolic anterior motion of the mitral valve, pulmonary valve flutter, and premature closure of pulmonary valve during systole.20 Pulsed Doppler velocimetry detected left ventricular outflow tract obstruction in complete transposition of the great arteries21 but gave no indication of the severity of obstruction. The number of patients with an intact ventricular septum was not stated.
Although septal bulge is prevalent in simple transposition after the first few days of life22 and has been implicated in left ventricular outflow tract obstruction5 6 Two aspects of mitral/septal apposition merit further discussion. Firstly, it is by no means always the result of systolic anterior motion of the mitral valve. In many patients parasternal long axis views show that such apposition is due to posterior septal motion rather than to anterior mitral displacement. Secondly, there may be complete apposition of the two structures in the absence of any gradient. The retrospective nature of this study does not allow us to explain this finding. In a prospective study where pressures, cross sectional echocardiograms, and electrocardiograms were measured simultaneously, it could be established whether complete apposition coincided with a lack of a gradient, and, if it did, the importance of timing of such apposition could be examined. If it were to occur sufficiently late in systole it might not produce obstruction, as has been suggested by Murgo 
